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Nitrosothiols are increasingly regarded as important participants in a range of physiological processes,
yet little is known about their biological generation. Nitrosothiols can be formed from the corresponding
thiols by nitric oxide in a reaction that requires the presence of oxygen and is mediated by reactive
intermediates (NO2 or N2O3) formed in the course of NO autoxidation. Because the autoxidation of NO is
second order in NO, it is extremely slow at submicromolar NO concentrations, casting doubt on its
physiological relevance. In this paper we present evidence that at submicromolar NO concentrations the
aerobic nitrosation of glutathione does not involve NO autoxidation but a reaction that is ﬁrst order in
NO. We show that this reaction produces nitrosoglutathione efﬁciently in a reaction that is strongly
stimulated by physiological concentrations of Mg2+. These observations suggest that direct aerobic
nitrosation may represent a physiologically relevant pathway of nitrosothiol formation.
& 2013 Elsevier Inc. Open access under CC BY-NC-ND license. Nitric oxide (NO) exhibits a vast range of functions in signal
transduction and the immune response in mammalian tissues
[1]. Many functions in signal transduction are mediated by the
NO-sensitive (soluble) isoform of guanylate cyclase [2]. How-
ever, under some conditions NO is converted to compounds
with distinct properties that may alter its (patho)physiological
impact [3].
Nitrosothiols are endogenously occurring formal adducts of
protein or low-molecular-weight thiols with the one-electron
oxidized form of nitric oxide, NO+ [4]. Evidence is mounting that
nitrosothiols may perform distinct functions in biology [5,6].
Because nitrosothiols release NO under certain conditions and
are generally more stable than NO, they may function as a storage
and transport pool of NO. Nitrosothiols also exhibit biological
actions completely different from those of NO, because nitrosation
of speciﬁc cysteine residues may alter protein function. Hence,
S-nitrosation is increasingly regarded as a posttranslational mod-
iﬁcation akin to phosphorylation [7–9].iethylenetriaminepentaacetic
ium (Z)-1-(N,N-diethyla-
ONOate (1-(hydroxyl-N,N,
on complex; SOD, superoxide
oglobin; TEA, triethanola-
itol; NAC, N-acetylcysteine;
F. Gorren).
C BY-NC-ND license. Despite these potential (patho)physiological ramiﬁcations
there is no consensus about the way in which nitrosothiols are
generated cellularly [8,10–13]. In the laboratory nitrosothiols are
synthesized at low pH from the corresponding thiols and nitrous
acid. Biologically, similar reactions may occur under special con-
ditions, such as in the stomach or in activated macrophages.
At physiological pH nonenzymatic formation of nitrosothiols may
be catalyzed by transition metals such as copper ions [14]. In view
of the extremely low in vivo free copper concentration and the
reversible nature of the reaction—copper ions also catalyze the
decomposition of nitrosothiols [4,8,15]—the physiological rele-
vance of this reaction is questionable. Nitrosothiols can also be
formed by decomposition of low-molecular-weight dinitrosyl–iron
complexes (DNICs) with thiolate ligands [16,17]. As DNICs are
formed in vivo, these compounds constitute serious candidates as
biological nitrosating agents. However, because the mechanism of
biological DNIC formation has not been elucidated and because
DNICs may also catalyze nitrosothiol breakdown, the exact role of
DNICs in biological nitrosothiol formation is unclear. In addition to
these nonenzymatic processes, several enzymes have been impli-
cated in nitrosothiol formation, such as the copper protein
ceruloplasmin [18] or hemoproteins [8,19]. Nitrosothiols will also
be formed when NO and O2− are cogenerated at similar rates
[11,20], which may be physiologically relevant under some condi-
tions, for instance, when partly uncoupled nitric oxide synthase
generates NO and O2− simultaneously [21].
The best studied pathway of nitrosothiol formation is the
aerobic reaction of NO with glutathione (GSH). Anaerobically, NO
does not form S-nitrosoglutathione (GSNO), but in the presence of
oxygen GSNO is generated in a reaction that is ﬁrst order in O2 and
second order in NO [22–24]. The reaction starts with the
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to one hypothesis [23,25], NO2 then reacts with another molecule
of NO to form the strong nitrosating agent N2O3, which reacts with
GSH to GSNO and nitrite (Eqs. (2) and (3)). Alternatively, it has
been proposed [11,24,26] that NO2 reacts directly with GSH to
produce nitrite and a glutathiyl radical (GSd) that instantaneously
combines with NO to GSNO (Eqs. (4) and (5)):
2NO+O2-2NO2 (1)
NO2+NO↔N2O3 (2)
N2O3+GSH-GSNO+H++NO2− (3)
NO2+GSH-GSd+H++NO2− (4)
NO+GSd-GSNO (5)
Because of the low (submicromolar) physiological concentra-
tions of NO, this pathway is expected to be too slow to make an
impact. In 1997 it was reported that, for low NO concentrations
(≤1 mM), aerobic nitrosothiol formation was not due to NO auto-
xidation but involved a direct reaction between NO and the thiol
[27]. However, later studies could not conﬁrm that mechanism
[17,28]. In the present study we demonstrate that the aerobic
nitrosation of glutathione by submicromolar NO is ﬁrst order in
NO and proceeds more efﬁciently than previously thought, making
it a serious candidate as a participant in nitrosothiol formation
in vivo after all.Materials and methods
All reagents were obtained from Merck (Vienna, Austria) or
Sigma (Vienna, Austria), except for diethylamine NONOate (DEA/
NO), proline NONOate (PROLI/NO), and GSNO, which were pur-
chased from Enzo Life Sciences (Lausen, Switzerland). Stock solu-
tions were made in ultrapure water (Barnstead, resistance
418 MΩ cm−1), except for DEA/NO and PROLI/NO, which were
dissolved in 10 mM NaOH; GSH, which was dissolved in 1 M
NaOH; and GSNO, which was dissolved in 10 mM HCl.
Determination of NO and nitrosothiols with the
NO-sensitive electrode
Nitric oxide was measured with a Clark-type electrode from
Iso-NO (WPI, Berlin, Germany) according to a published method
[29]. Unless indicated otherwise, experiments were performed in
open stirred vessels. Reactions were started by the introduction of
DEA/NO (or PROLI/NO, 1 mM) in a total volume of 0.5 ml of 50 mM
triethanolamine (TEA) buffer (pH 7.4) and GSH (routinely 1 or
2 mM), 5 mM MgCl2, 1000 U/ml superoxide dismutase (SOD), and
0.1 mM diethylenetriaminepentaacetic acid (DTPA). After complete
decay of the NO signal, CuSO4 (4 mM) was added to measure
nitrosothiol formation [30]. When indicated, MgCl2 was omitted or
replaced by CaCl2, MnCl2, ZnCl2, or NaCl. Some experiments were
performed in 50 mM potassium phosphate (KPi) or Tris–HCl
instead of TEA and some experiments were performed in the
presence of 1 mM NAD+ or NADH. Dependence of the NO curves
on the concentration of DEA/NO was investigated between 10 nM
and 1 mM. The effect of the GSH concentration was studied
between 1 mM and 5 mM. At the highest GSH concentration, we
increased the CuSO4 concentration to 10 mM, because copper ion-
induced NO release from GSNO is slow in the presence of excess
GSH [15].
Some experiments were performed in closed vessels with
reaction volumes of 0.5 or 1.8 ml. Completely ﬁlled closed vessels
were also used to determine the effect of O2. For theseexperiments solutions were bubbled with argon before use.
Reaction mixtures were then incubated in septum-sealed, com-
pletely ﬁlled vessels and bubbled with argon for 15 min. Subse-
quently, the gas supply line was removed and experiments were
started by addition of the NO donor. Because the covering of the
sample under these conditions is not completely airtight, slow
readmission of air into the sample occurs.
Calibration of the electrode was performed daily with NaNO2/
KI [29]. Pre- and post-Cu2+ peaks are presented as micromolar NO
based on those calibrations. To quantify the concentration of GSNO
detected by CuSO4 addition, calibration curves were determined
with authentic GSNO in concentrations between 0.1 and 2.0 mM.
GSNO stock solutions were prepared in 10 mM HCl and used
immediately. The concentration of the stock solutions was checked
spectrophotometrically at 340 nm after 10-fold dilution in 50 mM
KPi (pH 7.4). Calibration curves were linear over the full concen-
tration range (R¼0.999).
Quantiﬁcation of NO released by DEA/NO
To determine how much NO is released by DEA/NO under the
present experimental conditions, we measured the conversion of
oxyhemoglobin (oxy-Hb) to methemoglobin (met-Hb) spectro-
photometrically from the absorbance difference between 420
and 401 nm according to a published procedure [31], but with
50 mM TEA (pH 7.4) instead of KPi as the buffer.
Determination of NO, GSNO, and nitrite with the NO analyzer
A nitric oxide analyzer NOA 280 (Sievert Instruments, USA) was
used to determine the amounts of NO, GSNO, and nitrite by
chemiluminescence detection according to a published method
[32]. Brieﬂy, samples (500 ml) were injected in a purging vessel
ﬁlled with KI/I2 (45 mM/10 mM) in glacial acetic acid. Under these
conditions both nitrite and GSNO are reduced to NO. In parallel, a
second set of samples was incubated with 10% of a solution of
sulfanilamide (5% in 1 N HCl) for 1 min to scavenge nitrite and
measure only the remaining GSNO. Calibration curves with
authentic GSNO (0.1–2 mM) and nitrite (0.1–1 mM) were measured
daily in sample buffer.
Alternatively, GSNO and GSNO+nitrite were measured by
addition of 4 mM CuSO4 and 4 mM CuSO4+KI/I2 (45 mM/10 mM),
respectively, whereas NO was determined in the absence of these
substances.
Fluorimetric determination of nitrite in the presence of
2,3-diaminonaphthalene
Nitrite was determined using 12.6 mM 2,3-diaminonaphthalene
(DAN) to form the ﬂuorescent product 1-(H)-naphthotriazole [33].
Brieﬂy, samples were incubated for 20 min with DAN under acidic
conditions. After stabilization with 1 N sodium hydroxide, forma-
tion of 1-(H)-naphthotriazole was measured using an LS50B
luminescence spectrometer (PerkinElmer, UK) with excitation
and emission at 365 and 425 nm, respectively. Alternatively, a
commercial assay (Nitrite/Nitrate Assay Kit, Cat. No. 06239;
Sigma–Aldrich) based on the same principle was used. Calibration
curves were measured daily with authentic nitrite (0.1–1 mM) in
sample buffer.
Determination of nitrite, nitrate, and GSNO by HPLC
In some experiments we increased the sensitivity by separating
the reaction products by HPLC (Merck–Hitachi D-6000; Vienna,
Austria). For nitrite/nitrate determination the same commercial
nitrite/nitrate-kit described above was used according to the
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described before [34]. The mobile phase (53% Na2HPO4 15 mM, pH
7.5; 47% methanol) was pumped through a Lichrospher column
(RP-18; 5 mm) at a ﬂow rate of 1 ml/min. Samples (40 ml) were
injected and measured by ﬂuorescence (380 nm excitation,
405 nm emission). Calibration curves were measured for nitrite
and nitrate (0.1–10 mM) in sample buffer.
For GSNO determination the mobile phase (20 mM K2HPO4,
50 mM neocuproine, 50 mM DTPA, pH 7.5) was pumped through a
Lichrospher column (RP-18; 5 mm) at a ﬂow rate of 1 ml/min.
Samples (100 ml) were injected and measured by UV–Vis absorp-
tion at 338 nm [21]. Calibration curves with authentic GSNO
(0.1–2 mM) were measured in sample buffer.Fig. 1. Effect of GSH on NO release from DEA/NO before and after addition of
CuSO4. (A) The NO release curves from DEA/NO, added at t¼0, in the absence and
presence of GSH, and the effect of CuSO4 added after 12 min (indicated by the
arrow). (B) Summary of several such experiments (n¼5). (C) A similar experiment
except that SOD was omitted. Experimental conditions: 1 mM DEA/NO, 2 mM GSH
as indicated, 4 mM CuSO4, 1000 U/ml SOD (except for (C)), 0.1 mM DTPA, 5 mM
MgCl2, and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C.Results
Efﬁcient GSNO formation from micromolar DEA/NO in the
presence of GSH
Injection of 1 mM DEA/NO into a reaction mixture containing
1000 U/ml SOD, 5 mMMgCl2, and 100 mM DTPA in 50 mM TEA (pH
7.4) gave rise to a strong signal at the NO-sensitive electrode
peaking at approximately 0.74 mM (Fig. 1A). When the experiment
was repeated in the presence of 2 mM GSH we obtained a much
smaller signal. Because we suspected that the decrease in peak
height might be due to nitrosothiol formation, we added CuSO4 at
the end of the reaction to promote NO release (Fig. 1A). No signal
was detected upon addition of CuSO4 in the absence of GSH, but a
strong signal evolved in its presence, suggesting that the apparent
attenuation of NO release from DEA/NO in the presence of GSH is
due to GSNO formation.
When the same experiment was performed in the absence of
SOD, similar results were obtained, except that the peak height
after CuSO4 addition was considerably smaller (Fig. 1C). In the
absence of SOD interpretation of the results is confounded by the
potential formation of superoxide, peroxynitrite, and its metabo-
lites (see below). Consequently, we chose to include SOD in the
majority of our studies.
Fig. 1 also illustrates that the post-Cu signal decays more
rapidly than the pre-Cu signal. This phenomenon, which can also
been seen in previous studies [30], is probably due to reductive
nitrosylation of NO to NO2− with H2O as the nucleophile, a reaction
known to be catalyzed by Cu2+ [35]. It was not investigated further
in this study.
Determination of the NO-to-DEA/NO stoichiometry
DEA/NO has been observed to release between 1 and 2 equiva-
lents of NO [36]. To determine how much NO is released by DEA/
NO under the present experimental conditions, we measured the
conversion of oxy-Hb to met-Hb spectrophotometrically. We
found that 1 mM DEA/NO released 1.4670.02 mM NO.
To directly correlate these observations with the amount of
GSNO formed from DEA/NO under the same conditions (1 mM
GSH), we determined GSNO in parallel with the NO electrode and
found 1.0170.04 mM, which corresponds to a GSNO-to-NO stoi-
chiometry of 0.6970.03.
Comparison with other thiols
To investigate if the phenomena described above are speciﬁc
for GSH, we performed similar experiments in the presence of
several other thiols at 1 mM (Table 1). GSH, N-acetylcysteine
(NAC), β-mercaptoethanol (β-ME), cysteine (Cys), and dithiothrei-
tol (DTT) all lowered the height of the initial NO peak, whereasGSSG had no effect. NO formation after CuSO4 addition was about
30% smaller with NAC or β-ME than with GSH, whereas no or
hardly any NO was observed with GSSG, DTT, and Cys.
Table 1
Effects of various thiols on the pre- and post-Cu2+ NO peak.
Thiol NO peak height (mM)
Before Cu2+ After Cu2+
− 0.6970.02 n.d.
GSH 0.4270.04 0.6970.04
GSSG 0.7470.01 n.d.
Cys 0.4570.03 n.d.
DTT 0.5170.05 0.06570.001
NAC 0.4370.08 0.4970.09
β-ME 0.3870.02 0.5170.01
NO peak heights from 1 mM DEA/NO before and after addition of 4 mM CuSO4 were
measured in the absence (−) or presence of various thiols at 1 mM: glutathione
(GSH), oxidized glutathione (GSSG), cysteine (Cys), dithiothreitol (DTT), N-acet-
ylcysteine (NAC), or β-mercaptoethanol (β-ME). Experimental conditions: 1 mM
DEA/NO, 1 mM thiol as indicated, 4 mM CuSO4, 1000 U/ml SOD, 0.1 mM DTPA,
5 mM MgCl2, and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C. n.d., not detectable.
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The decay rate of the NO peak in Fig. 1 was considerably faster
than previously reported and too fast to be explained by auto-
xidation [36,37]. Unlike previous studies, this study was per-
formed in open, stirred vessels with DEA/NO concentrations of
1 mM or less in a reaction volume of 0.5 ml. We hypothesized that
under those conditions NO disappears mainly by diffusion out of
the reaction vessel. In that case NO disappearance should be ﬁrst
order in NO, in contrast to the second-order dependence of NO
autoxidation. Although the observed decay curves indeed showed
no sign of second-order behavior, it might be argued that the
second-order decay is masked by the simultaneously continuing
ﬁrst-order NO release by DEA/NO. However, we could ﬁt the
observed traces if we assumed that NO disappeared by escape to
the atmosphere, but not if we assumed NO disappeared by
autoxidation (see Supplementary Figs. S9A and S9B). The nature
of NO disappearance will affect the way in which the NO peak
height varies with the DEA/NO concentration. If NO disappears in a
ﬁrst-order reaction, as is the case when NO escape predominates,
the peak height will increase linearly with the DEA/NO concentra-
tion. If, on the other hand, NO is consumed in a second-order
process such as autoxidation, the relation between peak height
and DEA/NO will deviate from linearity, particularly at higher
concentrations (see also the simulations in Supplementary Fig. S2).
Moreover, in the case of a second-order process the peak will be
reached earlier at higher DEA/NO concentrations, whereas this
time is constant for a ﬁrst-order process (see Supplementary
Fig. S2). Therefore, to distinguish between both possibilities, weFig. 2. Correlation between NO peak heights and DEA/NO concentrations. (A) NO
time traces observed with the NO electrode with 30, 200, 400, and 1000 nM DEA/
NO in the absence of GSH. (B) Peak heights observed with a range of DEA/NO
concentrations between 30 nM and 1 mM (n¼3). Peak heights are determined by
the relative rates of NO release and NO consumption/escape. See main text and the
supplementary material for details. Data were ﬁtted (dashed lines) to the
equation [NO]peak¼C2  [DEA/NO]C1, in which C1 and C2 are variables. The observed
value for C1 is very close to 1 (0.9670.02), indicating a linear relationship between
peak height and DEA/NO concentration. Please note that the apparent absolute
correlation between observed peak heights and DEA/NO concentrations (1 mM NO
for 1 mM DEA/NO) is accidental: DEA/NO can release up to 2 equivalents of NO, and
observed peak heights are necessarily lower than the released NO concentrations.
(C) Dependence of the time at which the NO concentration is maximal as a function
of the DEA/NO concentration. See main text and the supplementary material for
details. The observations suggest a ﬁrst-order disappearance of NO. Experimental
conditions: 1 mM DEA/NO, 4 mM CuSO4, 1000 U/ml SOD, 0.1 mM DTPA, 5 mM
MgCl2, and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C.varied the DEA/NO concentration and observed an excellent
linear correlation between the height of the NO peak and the
DEA/NO concentration (Figs. 2A and B), which strongly suggests
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over, the time at which the maximal NO concentration was
reached hardly changed between 50 and 1000 nM DEA/NO
(Figs. 2A and 2C).
To corroborate that our choice of experimental conditions
(0.5 ml reaction volume, ≤1 mM DEA/NO, stirred open vessels)
caused a shift from NO autoxidation to NO escape, and to
investigate if this shift affects GSH nitrosation, we performed a
number of control experiments. Simply closing off the vessel while
keeping the sample volume at 0.5 ml hardly affected the DEA/NO-
derived NO signal (Fig. 3A). This is explained by the fact that under
these conditions the vessel contains a void volume of 1.3 ml,
which, with a solubility for NO of 2 mM, implies that less than
2% of NO will remain in solution at equilibrium. However, when
the volume of the sample was increased to completely ﬁll the
vessel, the NO peak was markedly higher, and decay of the signal
was considerably slower (Fig. 3A), suggesting a shift in NO decay
from relatively fast escape to the gas phase toward autoxidation.
However, GSH still caused a pronounced decrease in the NO peak
height and an increase in the apparent decay rate in closed vessels
and gave rise to sizeable NO signals after CuSO4 addition (Fig. 3B).
Because NO release from DEA/NO is rather slow (t1/216 and
2.2 min at 22 and 37 1C, respectively [36,38]), NO formation
continues during the decay phase, and decay kinetics are difﬁcult
to interpret. PROLI/NO releases NO much faster (t1/21.8 s at 37 1C
[39]), allowing observation of NO decay without interference from
NO release. When we repeated some of the experiments with
PROLI/NO, closing the vessel caused a shift from fast ﬁrst-order
toward slower second-order decay (results not shown), which
conﬁrms that under open-vessel conditions NO escape outcom-
petes autoxidation.Fig. 3. Effect of closing the reaction vessel on NO decay kinetics. (A) Closing the
vessel increases NO peak height and decreases the decay rate. The continuous line
shows the NO release curve in an open vessel (reaction volume 0.5 ml). Experi-
mental conditions were as in Fig. 1 in the absence of GSH. The dotted line shows the
NO release curve in a closed vessel under otherwise identical conditions. The
dashed line shows the NO release curve in a closed vessel with a reaction volume of
1.8 ml, leaving no void volume. (B) Closing the vessel does not impede the
nitrosation of GSH. The blue curves show the NO release curves in open vessels
(0.5 ml reaction volume) in the absence and presence of GSH. The red curves show
the corresponding curves in closed vessels (1.8 ml reaction volume). In the
presence of GSH, CuSO4 was added at the indicated times to measure GSNO
formation. Experimental conditions: 1 mM DEA/NO, 2 mM GSH as indicated
((B) only), 4 mM CuSO4, 1000 U/ml SOD, 0.1 mM DTPA, 5 mM MgCl2, and 50 mM
TEA (pH 7.4) in 0.5 ml at 37 1C.NO autoxidation is not involved in GSNO formation under the
conditions of this study
In the case of autoxidation-mediated GSNO formation, rate-
limiting NO autoxidation (Eq. (1)) precedes the reaction with GSH
(Eqs. (2)–(5)). Consequently, in line with reported observations
[24], GSH should not affect the NO formation/consumption curve
(see also the simulations in Supplementary Fig. S1). However, as
illustrated by Figs. 1 and 3, we consistently observed that GSNO
formation, measured as CuSO4-mediated NO release, is associated
with a strong decrease in the NO peak originating from DEA/NO.
The present results are therefore inconsistent with the involve-
ment of NO autoxidation in GSH nitrosation. Rather, the data
suggest a direct reaction between NO and GSH.
The correlation between GSNO yield and DEA/NO concentra-
tion should allow conclusions about the kinetic order of the
nitrosation process. If nitrosation were ﬁrst order in NO, competi-
tion between nitrosation and the alternative reaction—NO escape,
which is also ﬁrst order in NO—would not be affected by the
concentration of the NO donor, the relative GSNO yield should
remain constant, and the absolute GSNO yield should increase
linearly with the DEA/NO concentration. By contrast, if nitrosation
involved autoxidation, nitrosation would become more competi-
tive at higher NO concentrations, the relative yield of GSNO should
increase with the DEA/NO concentration, and the corresponding
peak height should exhibit a stronger than linear dependence on the
DEA/NO concentration (see also the simulations in Supplementary
Fig. S3). We measured the height of the CuSO4-mediated NO peak in
the presence of GSH as a function of the DEA/NO concentration and
found an approximately linear relationship (Fig. 4), which suggests
that GSH nitrosation is ﬁrst order in NO and does not involve NO
autoxidation.Evaluation of the inﬂuence of gas-phase and electrode reactions
In addition to a direct reaction of GSH with NO and autoxidation-
mediated GSNO formation, there are a couple of other possibilities
that need to be considered. There is a remote possibility that NO
diffuses out of solution, reacts with O2 in the gas phase to NO2/N2O3,
and diffuses back into solution to nitrosate GSH. However, the
Fig. 4. Correlation between post Cu2+-peak heights and DEA/NO concentrations.
(A) NO time traces observed with the NO electrode with 50, 200, 400, and 1000 nM
DEA/NO in the presence of GSH. Individual traces were shifted horizontally and
vertically for clarity. (B) Peak heights observed with a range of DEA/NO concentrations
between 50 nM and 1 mM (n¼3). Peak heights correspond to the amount of GSNO
formed at the time of CuSO4 addition. See main text and the supplementary material
for details. Data were ﬁtted (dashed lines) to the equation [NO]peak¼C2  [DEA/NO]C1, in
which C1 and C2 are variables. The ﬁt is linear with C1 close to 1 (1.1470.02),
suggesting a linear relationship between peak height and DEA/NO concentration. The
apparent absolute correlation between observed peak heights and DEA/NO concen-
trations (1 mM NO for 1 mM DEA/NO) is accidental: it does not reﬂect a one-to-one
correlation between NO and GSNO, because DEA/NO can produce more than
1 equivalent of NO. Experimental conditions: 1 mM DEA/NO, 2 mM GSH, 4 mM CuSO4,
1000 U/ml SOD, 0.1 mM DTPA, 5 mM MgCl2, and 50 mM TEA (pH 7.4) in 0.5 ml at
37 1C.
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is still nitrosylated in a completely ﬁlled vessel (Fig. 3B), argues
against that scenario. As a further test we performed the experiment
in a completely ﬁlled open vessel, while blowing argon over the
surface. Under these conditions formation of nitrosating species in
the gas phase and rediffusion into the solution are prevented, yetGSNO formation was only moderately lower (0.5170.06 vs
0.8770.02 mM, n¼4, not shown). The lower GSNO formation and
slower decay of the NO signal (not shown) are probably caused by
diffusion of the coreactant O2 out of the reaction vessel. Indeed,
when we repeated the experiment with air instead of argon, no
signiﬁcant drop in GSNO yield was observed (0.9170.17 vs
1.0870.16 mM, n¼2, not shown).
Reactions at the electrode constitute an additional potentially
confounding factor, particularly in view of the small reaction
volumes in this study. Oxidation of NO at the electrode might
produce NO+ that could conceivably nitrosate GSH directly. How-
ever, from the sensitivity of the electrode (1 pA/nM, [36]) it can be
estimated that in a 0.5-ml reaction volume the electrode reaction
consumes only 0.12% NO per minute, which is negligible on the
time scale of the experiments. This calculation also rules out the
electrode reaction as a signiﬁcant sink for NO.
Evidence for a direct reaction of GSH with NO but not with
the NO donor
We also considered the possibility that GSH reacts directly with
DEA/NO, because that would also result in a decrease in the DEA/
NO-induced NO peak. Such a reaction should not be affected by
the NO scavenger oxy-Hb, because it would not require the
intermediacy of NO. We therefore performed an experiment with
1 mM DEA/NO and 1 mM GSH in the presence of 1 mM oxy-Hb.
Under these conditions hardly any NO formation was observed
after DEA/NO addition, and CuSO4 did not induce any NO release,
whereas subsequent addition of 2 mM GSNO caused a pronounced
signal (Fig. 5A). These observations rule out that GSNO is formed in
a direct reaction between the thiol and the DEA/NO.
In another experiment we monitored NO proﬁles when 1 mM
GSH was administered before or after the addition of 1 mM PROLI/
NO. Because PROLI/NO decays very fast, addition of GSH after
PROLI/NO should no longer produce GSNO if a direct reaction with
the donor were involved. As shown in Fig. 5B, GSNO formation was
still substantial if GSH was added 50 s after PROLI/NO, which rules
out a direct reaction between the NONOate and the thiol. The
experiment also illustrates how GSH caused a massive acceleration
of NO consumption, providing further evidence for a direct
reaction between GSH and NO as the main route to GSNO
formation.
Effects of NAD+, O2, SOD, and buffer on GSH nitrosation by NO
Experiments under quasi-anaerobic conditions (see Materials
and methods) yielded much higher NO peaks and considerably
diminished copper-catalyzed GSNO decomposition (not shown),
indicating that the formation of GSNO from DEA/NO in the
presence of GSH is O2 dependent.
NAD+ has been reported to serve as an electron acceptor during
direct nitrosation [27]. However, experiments in the presence of
NAD+ or NADH indicated that these compounds had little effect on
NO peak height or GSNO formation (Supplementary Fig. S10).
Although these results do not invalidate the observation by Gow
et al. that NAD+ can substitute for O2 under anaerobic conditions
[27], they do demonstrate that NAD+ is a poor substitute, because
1 mM NAD+ was unable to compete with 0.2 mM O2, suggesting
a rate constant at least 2 orders of magnitude smaller. Lack of
reactivity of NAD+ with NO/GSH has also been reported by Hogg
and collaborators [28].
By scavenging O2−, SOD prevents extra consumption of NO by
O2− and by the products of homolysis of peroxynitrite (dOH and
NO2d), which was proposed to be the cause of additional NO
consumption in previous studies [28]. Consequently, the presence
of SOD under our standard conditions greatly simpliﬁes the
Fig. 6. Effect of SOD on pre- and post-Cu2+ DEA/NO-derived NO peaks in the
presence of GSH. NO peak heights were determined from traces as in Fig. 1.
Experimental conditions: 1 mM DEA/NO, 1 mM GSH, 4 mM CuSO4, 1000 U/ml SOD
as indicated, 0.1 mM DTPA, 5 mM MgCl2, and 50 mM TEA (pH 7.4) in 0.5 ml at
37 1C; n≥6.
Fig. 5. GSH does not react directly with the NONOates. (A) Effect of oxy-Hb on the
GSNO yield from 1 mM DEA/NO and 1 mM GSH. In the presence of oxy-Hb (1 mM;
10 s) the NO peak observed after addition of DEA/NO (1 mM; 90 s) was very small,
and no GSNO formation was evident after CuSO4 addition (4 mM; 506 s), whereas
subsequent GSNO administration (2 mM; 570 s) yielded a pronounced peak.
Experimental conditions: 1 mM GSH, 1000 U/ml SOD, 0.1 mM DTPA, 5 mM MgCl2,
and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C; at the indicated times 1 mM oxy-Hb,
1 mM DEA/NO, 4 mM CuSO4, and 2 mM GSNO were added. (B) Effect of the time of
GSH administration on the yield of GSNO from PROLI/NO and GSH. In the presence
of 1 mM GSH the NO peak derived from 1 mM PROLI/NO was considerably smaller
than in the absence of GSH, and a strong NO signal, originating from GSNO, was
observed after CuSO4 addition (compare the dotted and dashed traces in the
absence and presence of GSH, respectively). If GSH was added 50 s after PROLI/NO,
at a time when all PROLI/NO should be decomposed, CuSO4 addition still caused a
sizeable NO signal (continuous trace). Experimental conditions: 1 mM PROLI/NO,
1000 U/ml SOD, 0.1 mM DTPA, 4 mM CuSO4, 5 mM MgCl2, and 50 mM TEA (pH 7.4)
in 0.5 ml at 37 1C; GSH (1 mM) was absent (dotted trace), present (dashed trace), or
added at the indicated time (continuous trace).
B. Kolesnik et al. / Free Radical Biology and Medicine 63 (2013) 51–64 57interpretation of the results. In the absence of GSH, omission of
SOD did not affect the height of the NO peak (0.7070.04 and
0.6870.01 with and without 1000 U/ml SOD, respectively, seealso Fig. 1). Surprisingly, omission of SOD did not signiﬁcantly
affect the height of the NO peak in the presence of 1 mM GSH
(0.4270.04 and 0.3770.03 with and without 1000 U/ml SOD,
respectively), which was unexpected, as O2− is probably formed
during direct aerobic nitrosation (see Discussion). In line with
expectation, however, omission of SOD markedly decreased
Cu2+-mediated NO release (from 0.6970.04 to 0.2870.03 mM,
respectively, Fig. 6).
To investigate the inﬂuence of the buffer we repeated the
experiments in KPi (50 mM, pH 7.4). This did not affect the height
of the NO peak after DEA/NO addition in the presence of 1 mM
GSH (0.4370.05 and 0.4570.06 mM NO with TEA and KPi buffer,
respectively), but substantially lowered Cu2+-induced NO release
(from 0.6970.04 to 0.3770.03). With Tris buffer (50 mM, pH 7.4)
we obtained results similar to those from TEA (not shown).
Effect of Mg2+ on nitrosothiol formation
Additionally, we looked into the potential effect of Mg2+ on
formation of NO and GSNO. In the presence of GSH, omission of
Mg2+ yielded a considerably higher (2.370.4-fold) NO peak (i.e.,
before CuSO4 addition) and a much lower (0.2770.08-fold) GSNO-
derived peak (i.e., after CuSO4 addition), indicating that Mg2+
stimulates GSNO formation (Fig. 7). Additional experiments
demonstrated that Ca2+ stimulated GSNO formation to the same
extent (Fig. 7), whereas equimolar Na+ had no effect (not shown).
GSNO formation was also stimulated by Mn2+, although in this
case the interpretation is complicated by the fact that Mn2+
slowed down NO release from DEA/NO in the absence of GSH
(not shown). An even stronger inhibition of DEA/NO decomposi-
tion precluded determination of the effect of Zn2+ (not shown).
Omission of Mg2+ had similar effects with NAC or β-ME instead of
GSH as the thiol (Supplementary Fig. S12).
Effect of the GSH concentration on GSNO formation
The effects of the GSH concentration on the height of the DEA/
NO-derived NO peaks before and after CuSO4 addition are shown
in Fig. 8A. Both the decrease in the NO peak height before and the
Fig. 8. Effect of the GSH concentration on the nitrosation yield. Shown are the peak
heights before (NO, circles) and after CuSO4 addition (GSNO-derived, squares) for
1 mM (A) DEA/NO or (B) PROLI/NO in the presence (black symbols) and absence
(white symbols) of 5 mM MgCl2 for GSH concentrations between 0 and 2 mM.
Experimental conditions: 1 mM (A) DEA/NO or (B) PROLI/NO, GSH as indicated,
4 mM CuSO4, 1000 U/ml SOD, 0.1 mM DTPA, 5 mM MgCl2 as indicated, and 50 mM
TEA (pH 7.4) in 0.5 ml at 37 1C. Curves were ﬁtted to one or two hyperbolic
functions, as appropriate. See the supplementary material for details.
Fig. 7. Effects of Mg2+ and Ca2+ on DEA/NO decomposition and GSNO formation.
Shown are the average peak heights (n¼5) observed immediately after DEA/NO
addition in the absence and presence of GSH, as well as the peak height after CuSO4
addition in the presence of GSH with and without 5 mM MgCl2 or CaCl2.
Experimental conditions: 1 mM DEA/NO, 2 mM GSH as indicated, 4 mM CuSO4,
1000 U/ml SOD, 0.1 mM DTPA, and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C.
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steep initial phase, up to about 50 mM GSH, resulted in an
0.2 mM decrease in the DEA/NO-induced NO peak and the
formation of 0.2 mM GSNO from 1 mM DEA/NO. At higher
concentrations of GSH, the NO peak and the GSNO peak continued
to fall and rise, respectively, resulting in a further 0.2–0.3 mM
decrease in the NO peak and an 0.6 mM increase in the GSNO
peak at 2 mM GSH. Extrapolation of the observations suggests
complete disappearance of the NO peak and complete conversion
of NO to GSNO at saturating GSH concentrations. When MgCl2 was
omitted from the reaction mixture, similar observations were
made at low GSH concentrations, but the effects at high GSH
concentrations were absent (Fig. 8A).
With 1 mM PROLI/NO instead of DEA/NO, the effect of GSH was
monophasic, with the NO peak (before CuSO4 addition) decreasing
from 1.2–1.3 to 0.6–0.7 mM, and the GSNO peak (after CuSO4
addition) increasing from 0 to 0.6 mM at 2 mM GSH (Fig. 8B).
Extrapolation again suggests complete disappearance of the initial
NO peak and complete conversion to GSNO at saturating GSH
concentrations with an EC50 of 2 mM GSH. These observations
are in line with expectations for a direct reaction between NO and
GSH, but not for autoxidation-mediated nitrosation, providing
further support for a direct reaction. The biphasic character of
the GSH concentration dependence is surprising. Principally, a
decrease in nitrosating efﬁciency at higher GSH concentrations
might be explained by a shift away from GSH nitrosation toward
oxidation, but such an effect would not be expected to be as
abrupt as it seems to be here, and it is unclear why the
phenomenon is apparent with DEA/NO only in the presence of
Mg2+. Further studies will be required to resolve these issues.
Effect of the GSH concentration on the rate of NO disappearance
To determine the effect of the concentration of GSH on the rate
of NO disappearance, we added various concentrations of GSH to
the DEA/NO reaction mixture when the NO concentration had
decayed to approximately 0.6 mM. As is evident from Fig. 9A, therate of NO decay increased with the GSH concentration, conﬁrm-
ing that GSH consumes NO in a direct reaction. We determined the
difference between the NO decay rates before and after GSH
addition (to account for GSH-independent NO disappearance)
and divided the resulting GSH-induced decay rates by the NO
concentration at the time of GSH addition (to correct for variations
in that parameter, with actual values varying between 0.41 and
0.68 mM NO). The apparent (ﬁrst-order) rate constants thus
obtained are plotted against the concentration of GSH in Fig. 9B,
which illustrates how NO decay is accelerated when the GSH
concentration increases. The dependence can be ﬁtted linearly
(dotted line), although the data are too noisy to rule out alternative
Fig. 9. Effect of the GSH concentration on the NO decay rate. (A) The effect of the
addition of various concentrations of GSH on the NO release curve. NO released
from 1 mM DEA/NO in the absence of GSH was measured as for Fig. 1. At the time
indicated by the arrows GSH (0.2, 0.5, or 2.0 mM as indicated) was added to the
reaction mixture. (B) The apparent pseudo-ﬁrst-order rate constant as a function of
the GSH concentration. Pseudo-ﬁrst-order rate constants were obtained by dividing
the GSH-induced NO decay rate, i.e., the difference between the rates before and
after GSH addition, by the NO concentration at the time of GSH addition (which
varied between the individual experiments). The dotted line is the best linear ﬁt.
An apparent second-order rate constant of 3476 M−1 s−1 was calculated as the
average of the quotients of the apparent pseudo-ﬁrst-order rate constant and the
GSH concentration for all experiments. Experimental conditions: 1 mM DEA/NO,
GSH as indicated, 4 mM CuSO4, 1000 U/ml SOD, 0.1 mM DTPA, 5 mM MgCl2, and
50 mM TEA (pH 7.4) in 0.5 ml at 37 1C.
Fig. 10. Effect of GSH on NO peak heights obtained with a high concentration of
DEA/NO. Shown are pre- and post-Cu2+ peak heights for 100 mM DEA/NO in the
absence and presence of 1 mM GSH and 5 mM MgCl2. Experimental conditions:
100 mMDEA/NO, 1 mM GSH as indicated, 4 mM CuSO4 as indicated, 1000 U/ml SOD,
0.1 mM DTPA, 5 mMMgCl2 as indicated, and 50 mM TEA (pH 7.4) in 0.5 ml at 37 1C.
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concentrations and averaging the results, we can estimate an
apparent second-order rate constant of 3476 M−1 s−1.
Effects of GSH on NO consumption with 0.1 mM DEA/NO
According to our hypothesis, one of the reasons that autoxida-
tion plays a smaller part in NO disappearance in this study is the
submicromolar concentration range of DEA/NO applied here. Totest this assumption, we repeated the experiment with 0.1 mM
DEA/NO. Under these conditions, in line with previous observa-
tions [24], GSH no longer affected the kinetics of NO formation and
decay, although it still caused Cu2+-induced NO release (Fig. 10).
This demonstrates that autoxidation takes over at higher NO
concentrations as the main nitrosating pathway (see also
Supplementary Fig. S3). Signiﬁcantly, this phenomenon is accom-
panied by a decrease in efﬁciency of nitrosation, judging from the
Cu2+-induced peak values of 0.9 and 27 mM at 1 and 100 mM DEA/
NO, respectively, which correspond to nitrosation levels of 60 and
18%. Moreover, omission of Mg2+ had no effect at all at 100 mM
DEA/NO, indicating that the effect of Mg2+ is speciﬁc for the direct
reaction observed at submicromolar NO concentrations.
Determination of NO, nitrite, and GSNO with the NO analyzer
As an alternative to the electrochemical studies described thus
far, we determined NO, nitrite, and GSNO formation with the NO
analyzer (Table 2). In the absence of GSH, incubation of 1 mM DEA/
NO (in the presence of Mg2+ and SOD) for 12 min yielded
80722 nM NO (measured by direct injection of the sample in
the analyzer) and 607728 nM nitrite (measured after treatment
of the sample for 1 min with KI/I2). In the presence of 1 mM GSH
we obtained 2475 nM NO and 666723 nM GSNO (measured
after treatment of the sample with 4 mM CuSO4). The total sum of
metabolites (NO, nitrite, and GSNO) amounted to 1216737 nM
(measured by the combined treatment of the sample with KI/I2
and CuSO4), from which we calculate a yield for nitrite of
525734 nM. Strikingly, the presence of GSH had only a moderate
effect on the nitrite yield, whereas the total yield of metabolites
greatly increased.
We also determined GSNO and nitrite by the method intro-
duced by Feelisch and co-workers [32]. With this method we
obtained 531752 nM nitrite and 694737 nM GSNO, in good
agreement with the results described above. When we applied
this method to samples that were incubated in the absence of
Mg2+, we obtained 37276 nM nitrite (and no GSNO), in the
Table 2
Summary of yields of nitrite and GSNO from 1 mM DEA/NO in the absence and presence of 1 mM GSH observed with various assay methods.
GSH Mg2+ omitted SOD omitted KPi Vessel closed NO (mM) NO2− (mM) GSNO (mM)
− I: 0.0770.02
− II: 0.0870.02 II: 0.6170.03
− III: 0.6070.05
− IV: 0.5670.08
− V: 0.6670.05
− VI: 0.4370.02
− n III: 0.3770.06
− n V: 0.6670.10
− n III: 0.4870.05
− n III: 1.4070.01
− n VI: 1.3670.07
+ I: 0.0270.01 I: 0.9470.05
+ II: 0.0270.01 II: 0.5370.03 II: 0.6770.02
+ III: 0.5370.05 III: 0.6970.04
+ IV: 0.7170.10
+ V: 0.7470.09
+ VI: 0.3870.05 VI: 1.2070.20
+ n I: 0.3270.05
+ n III: 0.3670.01 III: 0.2570.01
+ n V: 0.36
+ n VI: 0.4970.06
+ n I: 0.4270.06
+ n VI: 0.5670.07 VI: 0.5870.07
+ n I: 0.5170.01
+ n III: 0.4670.08 III: 0.4270.01
+ n VI: 0.3670.11
The following methods were used: NO electrode (method I), NO analyzer with KI/I2 and CuSO4 (method II), NO analyzer with sulfanilamide and KI/
I2 (method III), ﬂuorimeter with DAN (method IV), ﬂuorimeter with commercial nitrite/nitrate kit (method V), and HPLC (method VI). See Materials
and methods for further details. Experimental conditions: 1 mM DEA/NO, 1 mM GSH as indicated, 1000 U/ml SOD as indicated, 0.1 mM DTPA, and
5 mM MgCl2 as indicated in 50 mM triethanolamine–HCl (or 50 mM KPi) buffer (pH 7.4) in 0.5 ml at 37 1C; yields were determined after 12 min
incubation in open or closed vessels as indicated.
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its presence. No additional signals were observed after treatment
with Hg2+, indicating that no other metabolites (nitrosamines,
nitrosylated hemes) were formed. These results conﬁrm the
stimulatory effect of Mg2+ on GSNO formation observed with the
NO electrode. Replacing TEA buffer with 50 mM KPi (pH 7.4)
yielded 482748 nM nitrite (and no GSNO) in the absence of
GSH and 458776 nM nitrite with 422711 nM GSNO in its
presence. These results corroborate the stronger nitrosation in
TEA compared to phosphate observed with the electrode.
Determination of nitrite by ﬂuorimetry
As a further method to quantify nitrite formation we applied a
standard ﬂuorimetric assay [33], which yielded 560779 (n¼4)
and 713797 nM (n¼3) in the absence and presence of 1 mM GSH,
respectively. A ready-to-use commercial kit yielded 665749 and
737793 nM in the absence and presence of 1 mM GSH, respec-
tively (n¼3). In the absence of Mg2+ the corresponding values
were 6567102 and 360719 nM, respectively. We also attempted
to determine nitrate with the commercial kit, but the method
proved not sensitive enough under the present conditions.
HPLC analysis of GSNO formation
In addition to the determinations of GSNO by the NO-sensitive
electrode and the NO analyzer, we also measured GSNO by HPLC.
Under our standard conditions (1 mM DEA/NO, 1 mM GSH, 5 mM
Mg2+, 1000 U/ml SOD) we obtained 11987202 nM GSNO. As with
the other detection methods, omission of Mg2+ caused a large
decrease in the nitrosothiol yield to 488761 nM GSNO. Exchan-
ging TEA buffer with phosphate diminished GSNO formation to
3637108 nM, whereas omission of SOD (in TEA buffer) reduced
the GSNO yield to 579774 nM (Table 2).HPLC analysis of nitrite/nitrate formation
Finally, we determined nitrite/nitrate by HPLC with ﬂuorimetric
detection, after precolumn derivatization with DAN. Under stan-
dard conditions we obtained 425724 and 376750 nM nitrite in
the absence and presence of 1 mM GSH, respectively. When the
vessel was kept closed the yield of nitrite in the absence of GSH
increased to 1361770 nM, conﬁrming the loss of NO to the
atmosphere during incubation in a stirred open vessel. In the
presence of GSH, omission of SOD caused a modest increase in the
nitrite yield to 564774 nM (Table 2).
Summary of product yields observed with various methods
Table 2 summarizes the yields of the main reaction products
GSNO and nitrite as measured with various methods. The yield of
the third potential reaction product nitrate could not be deter-
mined with sufﬁcient accuracy because of a high background
signal. Under standard conditions nitrite yields varied between
0.4 and 0.6 mM in the absence and 0.4 and 0.7 mM in the presence
of GSH. In view of reported problems with batch-wise assays of
nitrite and nitrate [40], we suspect the lower values (0.4 mM) are
the more reliable. In the absence of GSH, nitrite was the only
product observed, but we always found far less nitrite than the
1.5 mM NO that is released by 1 mM DEA/NO, conﬁrming the large
contribution that NO escape from solution makes to NO disap-
pearance under the conditions of this study. In line with that
assessment, the yield increased to 1.4 mM when the vessel was
closed.
In the presence of GSH a similar yield of nitrite was accom-
panied by a large yield of GSNO with values between 0.7 and
1.2 mM, depending on the method used. Because of reported
problems with iodine-based assays [41], we believe the higher
yields observed with the NO electrode and by HPLC (0.9 and
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yield increased in the presence of GSH (to values between 1.2 and
1.6 mM depending on the method of detection used), which can be
ascribed to the ability of GSH to capture NO before it escapes to the
atmosphere. Signiﬁcantly, autoxidation-mediated nitrosothiol for-
mation would not have an effect on total product yield. The yield
of GSNO measured with the NO electrode and by HPLC amounts to
64–82% of the total amount of NO produced, whereas for
autoxidation-mediated nitrosation the theoretical maximal GSNO
yield is only 50%, and the GSNO yield could never exceed the
nitrite yield (see Eqs. (1)–(5)).Discussion
At submicromolar NO concentrations nitrosothiols are formed from a
direct reaction between NO and the thiol
According to the consensus view, aerobic nitrosothiol forma-
tion in the presence of NO involves a reaction between the thiol
and NO2 and/or N2O3, which are formed as short-lived intermedi-
ates in the course of NO autoxidation (Eqs. (1)–(5)). However, the
present data clearly demonstrate that at submicromolar concen-
trations the main route toward nitrosation involves a direct
reaction of NO with the thiol:(i) The maximal NO concentration observed after introduction of
DEA/NO decreases in the presence of the thiol. Similarly, the
rate of decay of the NO is increased in the presence of GSH.
The rate-limiting step in the autoxidation of NO is the reaction
sequence represented by Eq. (1). Consequently, the reactions
involving GSH (Eqs. (3) and (4)) cannot inﬂuence the kinetics
of NO formation and decay (see also Supplementary Fig. S1),
and the observation of such effects in this study rules out
autoxidation-mediated nitrosation. Keszler et al. [28] ascribed
a similar effect tentatively to radical reactions, mainly bet-
ween NO and O2−, formed subsequent to thiyl radical forma-
tion in Eq. (4). However, the present studies were performed
in the presence of SOD, ruling out such a scenario. Moreover,
because of the second-order dependence of autoxidation on
the NO concentration, one would predict the lowering of the
NO peak by GSH to become more pronounced when the NO
concentration increases, whereas the effect actually disap-
pears at higher [NO].(ii) We observed a linear relationship between the GSNO-derived
NO peak (after CuSO4 addition) and the DEA/NO concentra-
tion. Autoxidation-mediated nitrosation is expected to
become more efﬁcient at higher NO concentrations (see also
Supplementary Fig. S3).(iii) The inhibition of nitrosation by oxy-Hb demonstrates that the
reaction must involve free NO, ruling out a reaction of GSH
with the NO donor.(iv) We obtained yields of GSNO amounting to 64–82% of the NO
formed. Because autoxidation-mediated nitrosation produces
GSNO and nitrite in equal amounts (see the overall reaction in
Eq. (6)), the yield of this process cannot exceed 50%:
2NO+1/2O2+GSH-GSNO+H++NO2− (6)Mechanistic implications
This study implies a direct reaction between NO and GSH.
A direct reaction between NO and thiols was previously proposed
by Gow et al. [27]. According to their hypothesis, binding of NO to
GSH results in a radical intermediate GSNdOH, which will beoxidized to GSNO in the presence of suitable oxidizing agents
(Eqs. (7) and (8), in which A represents an electron acceptor).
Under aerobic conditions, O2 will be reduced to O2− (Eq. (9)):
NO+GSH↔GSNdOH (7)
GSNdOH+A-GSNO+H++A− (8)
GSNdOH+O2-GSNO+H++O2− (9)
Evidence was presented that anaerobically NAD+ can substitute
for O2. Importantly, it was suggested that this mechanism accounts
for GSNO formation at low (≤1 mM) concentrations of NO, with the
conventional autoxidation-based mechanism predominating at
higher concentrations (≥50 mM):
Gow et al. [27] reported the direct reaction to be second order
in NO, yet at the same time noted that at higher NO concentrations
(450 mM) the familiar autoxidation-mediated process predomi-
nated. They suggested that NO autoxidation becomes more pro-
minent at high NO concentrations because of the second-order
dependence of autoxidation on the concentration of NO [27].
However, with both pathways (autoxidation and direct nitrosa-
tion) apparently exhibiting second-order dependence on [NO], the
shift from direct to autoxidation-mediated nitrosation cannot be
explained in this way. Mechanistically, the second-order character
of the novel reaction was attributed to a rapid reaction between
O2−, formed in the aerobic reaction (Eq. (9)), and a second NO
molecule to produce peroxynitrite. However, as was also recently
noted by Keszler et al. [28], such a scenario (a fast reaction
following a slow initial step) would change the net stoichiometry
(from 1 NO/GSNO to 2 NO/GSNO) but not the order of the reaction.
The present data, however, vindicate the earlier study and support
a mechanism along the lines proposed by Gow et al. The simplest
way out of the conundrum is to assume that the reaction is
actually ﬁrst order in NO, as is observed by us and not ruled out by
the results in Gow et al. [27].
In further conﬁrmation of the reaction scheme represented by
Eqs. (7) to (9), we also found the reaction to be dependent on O2.
We should point out, however, that the data cannot discriminate
the order in which NO and O2 react, so that a reaction between NO
and a preformed GSOOH/GSOO− complex is also conceivable
(Eqs. (10) and (11)). A third attractive possibility is that the
reaction starts with the formation of a complex between NO and
O2 (Eqs. (12) and (13)). The potential physiological relevance of the
ONOOd complex, despite its low binding constant, has been argued
[42]:
O2+GSH↔GSOOH (10)
GSOOH+NO-GSNO+H++O2− (11)
O2+NO↔ONOOd (12)
ONOOd+GSH-GSNO+H++O2− (13)
Reaction sequence (7)+(9) yields superoxide as a coproduct,
which under our standard conditions is dismutated by SOD
(Eq. (14)):
2O2−+2H++SOD-H2O2+O2+SOD (14)
In the absence of SOD rapid formation of peroxynitrite from O2−
and NO would be expected to lower the NO peak, accelerate NO
decay, and decrease the GSNO yield. We did indeed observe the
last two effects, but the initial NO peak was hardly affected.
Further studies will be required to resolve this issue.
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The reaction between NO, O2, and GSH is known to yield GSSG
in addition to GSNO by dimerization of GSd radicals (Eq. (15)) and,
more importantly, by oxidation according to Eqs. (16) and (17).
Determination of GSSG under the present conditions, with only
micromolar levels of NO and millimolar concentrations of GSH, is
impracticable. However, the overall reactions corresponding to
GSSG formation (Eqs. (18) and (19)) differ from the overall
reactions for autoxidation and for autoxidation-mediated nitrosa-
tion (Eqs. (20) and (21)) by consuming only two instead of four
molecules of NO, while sharing the same rate-limiting step (NO2
formation). Consequently, the oxidative pathways should result in
slower NO consumption and higher pre-Cu NO peaks. Obviously,
Reactions (15)–(21) play no signiﬁcant role under the present
conditions:
GSd+GSd-GSSG (15)
GSd+GSH↔GSSGd−+H+ (16)
GSSGd−+O2-GSSG+O2− (17)
2NO+O2+2GSH-GSSG+2H++2NO2− (18)
2NO+3O2+4GSH-2GSSG+4H++2NO2−+2O2− (19)
4NO+O2+2H2O-4H++4NO2− (20)
4NO+O2+2GSH-2GSNO+2H++2NO2− (21)
In autoxidation-mediated GSH oxidation, product distribution
between GSNO and GSSG formation will be determined by
competition for GSd, formed in Reaction (4), between NO (Reaction
(5)), on one hand, and GSd and GSH (Reactions (15) and (16)) on
the other. Consequently, lower NO levels are expected to result in
dramatically diminished nitrosation. Indeed, with NO concentra-
tions in the (sub)micromolar range, rather than the higher levels
investigated in prior studies, autoxidation-mediated nitrosation is
predicted to be almost negligible (2%, see Supplementary Fig.
S6). Instead, increased efﬁciency of nitrosation was observed in
this study. This makes sense when one considers that distribution
between direct nitrosation and autoxidation-mediated processes
is determined by competition for NO (or possibly ONOOd) between
GSH (nitrosative pathway) and NO (autoxidative pathway). Fig. 11Fig. 11. Illustration of the way in which GSH nitrosation and oxidation are expected
to depend on the concentrations of NO and GSH. At low (micromolar) [NO] and
high (millimolar) [GSH] direct nitrosation will outcompete autoxidation, and a yield
of 100% GSNO may be expected. Without direct nitrosation GSNO yields are
expected to approach 0% under such conditions. When the NO concentration is
raised, autoxidation will become more prominent, resulting in a mixture of
oxidation and nitrosation with a limiting value of 50% for the GSNO yield at high
[NO]. Please note that superoxide is assumed to be scavenged effectively; in the
absence of SOD the maximal GSNO yield is expected to be 50% at both high and low
[NO] (see also Supplementary Fig. S7).illustrates how nitrosation (direct and autoxidation mediated) and
oxidation depend on the concentrations of NO and GSH.
Assessment of possible alternative effects of SOD
By eliminating O2− from the reaction mixture (Eq. (14)), SOD
greatly simpliﬁes the system and consequently limits the number
of possible interpretations of the observations. However, SOD has
been reported to catalyze other reactions that might affect the
results. One potentially confounding factor is the ability of SOD to
catalyze the decomposition of GSNO in the presence of GSH [43].
To investigate the relevance of this reaction under the present
experimental conditions, we incubated GSNO (1 mM) in the pre-
sence of GSH (2 mM) with and without of SOD (10 mM) and
measured the NO concentration continuously with the NO-
sensitive electrode (results not shown). No NO formation was
evident in the presence or absence of SOD, and similar NO peak
heights were obtained when CuSO4 was added after 10 min
(0.6470.01 and 0.6270.03 mM in the presence and absence of
SOD, respectively), indicating that under our standard conditions
(micromolar DEA/NO and SOD, millimolar GSH) SOD-catalyzed
nitrosothiol decomposition is negligible. By contrast, when we
repeated the experiment with 0.1 instead of 2 mM GSH, SOD did
lower post-Cu2+ peak heights (from 0.4370.01 to 0.2070.03 mM,
not shown). These observations agree with previous reports
showing that GSNO decomposition catalyzed by SOD [43] or free
Cu2+ ions [15] is stimulated by GSH at substoichiometric concen-
trations, but is gradually blocked when the GSH concentration is
raised above the Cu2+ concentration. In summary, SOD-catalyzed
GSNO decomposition is insigniﬁcant under the standard condi-
tions of this study, but may have lowered nitrosothiol yields under
conditions of submillimolar GSH (as in the experiments of Fig. 8).
However, even then inclusion of SOD always caused a net increase
in the nitrosation yield (results not shown), indicating that under
those conditions SOD still acted mainly by scavenging superoxide.
SOD has also been reported to oxidize nitroxyl (HNO) to NO
[44,45]. One should therefore account for the remote possibility
that nitrosation takes place by Reactions (22) and (5). Reaction
(22) is exceedingly unfavorable, but the reaction might be pulled
toward the right if Reaction (5) is fast enough. In that case
increased nitrosation in the presence of SOD might be ascribed
to Reaction (23), because that would increase the maximal yield
from 50 to 100%. However, this scenario can be ruled out on the
same grounds that autoxidation-mediated nitrosation becomes
negligible at low NO-to-GSH ratios, as GSH will outcompete NO for
GSd (Reactions (5) and (16)):
NO+GSH↔HNO+GSd (22)
NO+GSd-GSNO (5)
HNO+SOD-NO+H++e−+SOD (23)Alternative thiols, alternative oxidants, and the effect
of divalent cations
Direct nitrosation was not speciﬁc for GSH, but GSH was the
most effective of the thiols tested. The very small Cu2+-mediated
NO peaks observed with DTT and Cys are explained by the
instability of the nitrosothiols that are formed with these com-
pounds [46,47].
Although in this study O2 served as an obligatory coreactant, it
is conceivable that other electron acceptors might fulﬁll this role.
The original suggestion by Gow et al. [27] that NAD+ serves as an
alternative electron acceptor was not conﬁrmed here, perhaps
because NAD+ is an obligate two-electron acceptor; physiological
B. Kolesnik et al. / Free Radical Biology and Medicine 63 (2013) 51–64 63one-electron acceptors may provide better alternatives. An inter-
esting candidate was recently suggested by Broniowska et al. [48],
who reported stimulation of nitrosothiol formation in the pre-
sence of ferricytochrome c.
The striking stimulation of nitrosothiol formation by divalent
cations has to the best of our knowledge not been reported before.
The effect is not speciﬁc for Mg2+ or GSH, because similar results
were obtained with Ca2+ or NAC. It is, however, peculiar to the
direct nitrosation reaction, as it disappeared when the reaction was
studied at higher DEA/NO concentrations, at which autoxidation-
mediated nitrosation predominates. The underlying mechanism is
currently unclear. Conceivably, divalent cations catalyze nitrosothiol
formation in their capacity as Lewis acids by forming complexes not
unlike the DNICs that have been proposed to play an important role
in nitrosothiol formation [16]. The low solubility of Mg2+ in
phosphate buffer is probably the cause of the smaller GSNO yields
in KPi. The high intracellular concentration of Mg2+ suggests that
stimulation of nitrosothiol formation by Mg2+ may be physiologi-
cally relevant.Physiological implications
The central observation of this study is that GSH can be directly
nitrosated by DEA/NO-derived NO with high efﬁciency. With an
initial concentration of 1 mM DEA/NO, approximately 1 mM NO
could be set free by CuSO4. With a NO–DEA/NO stoichiometry of
1.5 [49], this corresponds to a level of nitrosation of 2/3. This
implies that nitrosation with 1 mM GSH was twice as fast as
escape from solution, which we estimated to be 0.005 s−1. If we
accept the GSNO yield from the determinations by HPLC (1.2 mM),
the rate of nitrosation might be 4 faster than the escape rate, in
fair agreement with the ﬁtting parameters of the observed NO
time curves at 2 mM GSH (Supplementary Fig. S9). The rate of
direct nitrosation in the presence of 2 mM GSH can thus be
estimated at 0.01–0.03 s−1.
Although the mechanism of endogenous cellular nitrosothiol
formation is still a matter of dispute, there seems to be some
consensus that NO/O2-mediated nitrosation is too slow to be
physiologically relevant [3,5,6,8,10–12,18,20,24,48]. However,
most previous studies were carried out at unphysiologically high
NO concentrations. A recent analysis has estimated physiological
NO concentrations to be 5 nM or less [50]. From the present results
it can be estimated that in the presence of 1 mM GSH a steady-
state concentration of 1 nM NO will give rise to a rate of GSNO
formation of 10 pM/s or 36 nM/h. For comparison, autoxidation-
mediated nitrosation is predicted to produce 1.410−3 pM/s
GSNO under the same conditions (with 0.2 mM O2 and a rate
constant for autoxidation of 7106 M−2 s−1 [36]). Even taking into
account the described acceleration in hydrophobic compartments
(300-fold [51]), autoxidation-mediated nitrosation would be a
minor process (0.4 pM/s).
In view of present uncertainties regarding nitrosothiol concen-
trations in vivo it is difﬁcult to assess the physiological relevance of
the predicted rate for the direct reaction reported here, but it
would probably ﬁt reported values at the lower end of the
spectrum [12,41]. Indeed, the formation of physiologically relevant
levels of nitrosothiols (speciﬁcally of S-nitrosoalbumin) by a
reaction involving O2 and low ﬂuxes of NO in plasma and even
in whole blood has been reported [52], which strongly suggests
that the reactions observed in this study may be operative in vivo.
Conversely, the present observations offer a mechanistic explana-
tion for the paradoxical results reported in that study. Summar-
ized, our results put direct nitrosation by NO back in contention as
a serious candidate for biological nitrosothiol formation.Acknowledgments
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